here that before developing perceptual constancy, 3-to 4-month-old infants have a striking ability to discriminate slight image changes due to illumination that are not salient for adults. These young infants lose this ability after 5 months of age and then develop an ability to perceive distal surface properties (glossy or matte) at 7-8 months of age. Moreover, we identify the transition period between these two functions at 5-6 months of age, wherein infants show difficulty in both image and surface discrimination. These findings support the notion that acquiring perceptual constancy leads to a loss of sensitivity to variant information, which is negligible for constant surface material perception. We suggest that the immature visual system may initially directly access local image features and then develops a complementary constant neural representation of the properties of an object.
In Brief
Perceiving a constant object requires us to ignore changes due to environment. Yang et al. found that this ability emerges around 7 months of age. Surprisingly, infants under 5 months old could see changes due to illumination better than adults. This suggests that the perception of infants in ''pre-constancy'' is qualitatively different from adults.
Our visual system can easily estimate the constant color and material of external objects despite dynamic changes in the retinal image across viewpoints and illuminations in natural scenes. It is commonly believed that this high-level visual function, called ''perceptual constancy,'' is acquired through postnatal learning [1] , building upon lowlevel functions that have developed earlier, such as image discrimination. However, we demonstrate here that before developing perceptual constancy, 3-to 4-month-old infants have a striking ability to discriminate slight image changes due to illumination that are not salient for adults. These young infants lose this ability after 5 months of age and then develop an ability to perceive distal surface properties (glossy or matte) at 7-8 months of age. Moreover, we identify the transition period between these two functions at 5-6 months of age, wherein infants show difficulty in both image and surface discrimination. These findings support the notion that acquiring perceptual constancy leads to a loss of sensitivity to variant information, which is negligible for constant surface material perception. We suggest that the immature visual system may initially directly access local image features and then develops a complementary constant neural representation of the properties of an object.
RESULTS AND DISCUSSION
Human adults can perceive constant reflectance property and material of an object across different patterns of illuminations [2, 3] . The three pictures shown in Figure 1 demonstrate that this adaptive ability sometimes makes us insensitive to huge differences in the images [4] . The images in Figures 1A and 1B are two glossy objects, each of which reflects on its surface a slightly different surrounding light environment (i.e., light field). In terms of the pixel intensity, these images are very different, but as adults, we barely notice the difference. Conversely, we can easily perceive the difference between the images in Figures  1B and 1C , which appear to have a glossy and matte surface, respectively. This is despite the fact that the pixel difference between Figures 1B and 1C is much smaller than the difference between Figures 1A and 1B (see Table S1 for details). This characteristic of perceiving surface materials indicates that adults, who have a mature visual system, tend to perceive surface materials constantly by ''discounting'' the differences arising from illumination changes [3] . Conversely, infants who have an immature visual system probably cannot ''discount'' information from varying viewpoints and illuminations. This hypothetical trait of the immature visual system gives rise to a counterintuitive prediction that infants are more sensitive to trivial image differences than are adults but become less sensitive to trivial image differences as they develop the ability to discriminate surface materials (e.g., glossiness). If this hypothesis is true, infants' perception could be changed by different illuminations or viewpoints. Therefore, we refer to this hypothetical period as the ''pre-constancy stage.'' We predicted that infants in the pre-constancy stage would be sensitive to trivial image differences arising from illumination changes.
To test this prediction, we examined whether 3-to 8-monthold infants could detect changes in the surface glossiness of an object and changes in the reflected light field, which adults find difficult to see. Two pairs of changing images were used. One pair consisted of a glossy object image and a matte object image rendered from the same 3D object (which we refer to as ''surface change'') ( Figure 2A ). The other pair consisted of two glossy object images rendered from the same 3D object with two slightly different light fields (which we refer to as ''light-field change'') ( Figure 2B ). In the latter pair, the 3D shape and the surface properties of the objects were the same, but the reflected patterns of the surrounding environment on the surface were different. In both types of the changing image sequence, the paired images were repeatedly flashed for 700 ms, with an interstimulus interval (ISI) consisting of a blank screen for 200 ms ( Figure 2C ). In the non-changing image sequence, the same image of a matte object was repeatedly presented for the surface change condition, and the same image of a glossy object for the light-field change condition. We confirmed that the differences between the light-field change images were larger than those between the surface change images.
To assess whether the infants could discriminate these changes, we used the change-detection paradigm [5, 6] , which is based on the fact that infants prefer a changing image to a non-changing image. We presented changing image and nonchanging image sequences side by side on a CRT monitor and observed which side the infants fixated on for longer during the period of observation. We regarded their preference for the changing image as discrimination of the changed property in the images.
We recruited 42 infants (23 males and 19 females) aged 3 to 8 months (range = 97 to 254 days). Ethical approval for this study was obtained from the Ethical Committee at the Chuo University. Figure 2D shows the average preference score for each changing image (see also Table S2A for the mean looking time for the changing images). Preference for changes in surface glossiness was observed in the 7-8 month olds (t(13) = 8.219, p < 0.01), but not 3-4 month olds or 5-6 month olds (t(13) = 0.342, not significant [n.s.]; t(13) = 1.43, n.s., respectively). Preference for changes in the light field was observed in the 3-4 month olds (t(13) = 5.228, p < 0.01), but not 5-6 month olds or 7-8 month olds (t(13) = 0.231, n.s.; t(13) = 0.056, n.s., respectively). For infants in the surface change condition, there was a strong positive correlation between age and preference score (r = 0.53, p < 0.01; Figure 2E ). However, for those in the light-field change condition, there was a strong negative correlation between age and preference score (r = À0.48, p < 0.01). A within-subject ANOVA revealed no main effect for condition or age (F(1, 39) = 1.345, n.s. and F(2, 39) = 2.350, n.s., respectively), but there was a significant interaction (F(2,39) = 16.965, p < 0.01).
These results suggest that 3-to 4-month-old infants are sensitive to local changes in images that adults ignore. It is plausible that infants react directly to low-level image features and are consequently sensitive to variants in the environment that might be discounted by a mature visual system. However, 7-to 8-month-old infants display sensitivity to differences in surface glossiness, which is an invariant property of object surface. This result is consistent with our previous study showing that 7-to 8-month-old infants perceive the difference between glossy and matte objects based on surface representations [7] . Although the preference for the image changes could reflect a preference for a stimulus with a particular attribute (e.g., glossy objects) rather than the change itself, it is reasonable to infer that infants can discriminate this attribute.
We also examined another 42 infants (21 males and 21 females) aged 3 to 8 months (range = 88 to 251 days) to see whether our results could be replicated for surface and lightfield changes occurring simultaneously (which we refer to as ''both change''). Successful discrimination of changing and non-changing sequences was seen in 3-4 month olds and 7-8 month olds (t(13) = 5.694, p < 0.01, t(13) = 5.387, p < 0.01, respectively). It is plausible that the 3-to 4-month-old infants detected local changes in the changing images, while the 7-to 8-month-old infants perceived the change in surface glossiness ( Figure 2F ; see also Table S2B for the mean looking times to the changing images). In contrast, 5-to 6-month-old infants could not detect either local changes or changes in surface glossiness, suggesting reduced performance for both changes at around this age.
It is well known that infants' spatial and temporal resolutions are significantly lower than are those of adults [8] . It is possible that the 3-to 4-month-old infants might have been able to detect light-field changes due to their low spatiotemporal resolution. However, our control experiment showed that, even if an image sequence was spatiotemporally blurred so as to mimic the vision of young infants, light-field changes were similarly difficult to detect for adults (full details are provided in Figure S1 ). Another experiment confirmed that the 3-to 4-month-old infants had sufficient temporal resolution to reliably detect a blank between the image pairs (full details are provided in Figure S1 ). Therefore, it is unlikely that the detection of light-field changes by the 3-to 4-month-old infants was simply a consequence of their poor spatiotemporal resolutions.
One of the primary goals of visual development is to establish perceptual stability against dynamic sensory inputs [1, 9] . The present study demonstrates a dramatic shift in the scheme of visual information processing that is involved in constant surface perception during the first year of life, from the ''pre-constancy stage'' to the ''constancy stage.'' While infants in the pre-constancy stage are insensitive to changes in surface materials of the image, they can perceive small differences in local image data caused by illumination changes, which older infants at the constancy stage cannot detect. These results are consistent with the hypothesis that the visual system tends to perceive constant objects by discounting image information that varies with illumination [3] . This finding further suggests that young infants at the pre-constancy stage may see changes in the world far more dynamically than adults do.
Infants at the constancy stage subsequently acquire the ability to estimate the constant material properties of an object by discounting image information that varies with illumination. Although this ability may still be weak in infants and is not perfect in adults [3] , it helps the infants to maintain a constant object representation. Previous studies have shown earlier development (at 3 to 4 months of age) of constant lightness and color perception [10] [11] [12] [13] [14] . However, these results were obtained for a matte uniform patch and are potentially accounted for by low-level sensory adaptation (e.g., Von Kries adaptation), which cannot explain the constant material perception of a complex surface. It is unclear what fundamental neural computations must be developed to achieve this ability. Given that constant material perception is known to depend on the statistical regularity of natural illumination [2] , as well as the surface image itself [15] , a potential candidate is the computation of simple image statistics. Consistent with this idea, we have observed a similar developmental trajectory for sensitivity to changing images using statistically synthesized visual stimuli (full details are provided in Figure S2) . However, it has also been shown that image statistics are not sufficient for material perception in either adults [16] or infants [5] . Theoretical studies suggest that accurate estimation of surface shape and properties requires computational processes that integrate information across different visual modules and development of ''internal models'' or ''priors'' of the external world [17, 18] . Relatively slow development of constant material perception may reflect the formation process of such internal models through daily experiences.
The developmental trajectory for discriminating changing images observed in the present study is similar to that of the so-called ''perceptual narrowing'' phenomenon. Pascalis et al. [19] showed that 6 month olds displayed an ability to recognize differences in monkey faces that were hardly recognizable to adults but that this ability abruptly disappeared at 9 months of age. Similar narrowing is also found in the domain of speech perception at 10 to 12 months of age [20] . These similar developmental trajectories suggest a general developmental process in which innate sensitivities are altered by different environmental inputs. These specific inputs not only can induce a progressive developmental process but, more importantly, shape perceptual sensitivity to match the perceptual environment through a regressive developmental process. Therefore, similar declines in developmental trajectories can be observed in many aspects of perception during the first Tables S1 and S2 , and Movies S1, S2, S3, and S4. year of life. However, there are time lags between the tuning periods of image discrimination in the present study (at 5 to 6 months) and face discrimination (at 9 months) or vocal discrimination (at 10 to 12 months). Facial and vocal expressions are used as social communication signals and are likely to involve higher-order information processing than does visual surface perception. These time lags suggest that the tuning period might depend on what information processing is involved. Face and vocal perception are needed to develop neural processes that integrate multi-modal sensory inputs, so the initiation of tuning is slower than in visual surface perception. 
